Dust properties of Lyman break galaxies in cosmological simulations by Yajima, Hidenobu et al.
ar
X
iv
:1
30
9.
73
89
v2
  [
as
tro
-p
h.C
O]
  2
2 J
an
 20
14
Mon. Not. R. Astron. Soc. 000, 1–13 (2008) Printed 21 June 2018 (MN LATEX style file v2.2)
Dust properties of Lyman break galaxies in cosmological
simulations
Hidenobu Yajima1,2,3⋆, Kentaro Nagamine4,5, Robert Thompson4,6, Jun-Hwan Choi7,8
1 SUPA†, Institute for Astronomy, University of Edinburgh, Royal Observatory, Edinburgh, EH9 3HJ, UK
2Department of Astronomy and Astrophysics, Pennsylvania State University, 525 Davey Lab, University Park, PA 16802, U.S.A.
3Institute for Gravitation and the Cosmos, The Pennsylvania State University, University Park, PA 16802, U.S.A.
4Department of Physics and Astronomy, University of Nevada Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV 89154-4002, U.S.A.
5Department of Earth and Space Science, Graduate School of Science, Osaka University, 1-1 Machikaneyama-cho, Toyonaka, Osaka,
560-0043, Japan
6Department of Astronomy, University of Arizona, 933 N. Cherry Ave., Tuscon, AZ 85721-0064, U.S.A.
7Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40506-0055, U.S.A.
8Department of Astronomy, University of Texas, Austin, TX 78712-1205, U.S.A.
Accepted ?; Received ??; in original form ???
ABSTRACT
Recent observations have indicated the existence of dust in high-redshift galaxies,
however, the dust properties in them are still unknown. Here we present theoretical
constraints on dust properties in Lyman break galaxies (LBGs) at z = 3 by post-
processing a cosmological smoothed particle hydrodynamics simulation with radiative
transfer calculations. We calculate the dust extinction in 2800 dark matter halos us-
ing the metallicity information of individual gas particles in our simulation. We use
only bright galaxies with rest-frame UV magnitude M1700 < −20mag, and study the
dust size, dust-to-metal mass ratio, and dust composition. From the comparison of
calculated color excess between B and V -band (i.e., E(B − V )) and the observations,
we constrain the typical dust size, and show that the best-fitting dust grain size is
∼ 0.05µm, which is consistent with the results of theoretical dust models for Type-II
supernova. Our simulation with the dust extinction effect can naturally reproduce the
observed rest-frame UV luminosity function of LBGs at z = 3 without assuming an ad
hoc constant extinction value. In addition, in order to reproduce the observed mean
E(B − V ), we find that the dust-to-metal mass ratio needs to be similar to that of
the local galaxies, and that the graphite dust is dominant or at least occupy half of
dust mass.
Key words: radiative transfer – ISM: dust, extinction – galaxies: evolution – galaxies:
formation – galaxies: high-redshift
1 INTRODUCTION
Recent observations by large, optical telescopes have
detected numerous high-redshift galaxies utilizing the
drop-out technique at the Lyman-limit wavelength, and
these galaxies are called the Lyman break galaxies
(LBGs) (e.g., Steidel et al. 1996, 2003; Shapley et al. 2003;
Adelberger et al. 2004; Ouchi et al. 2004). The spectral en-
ergy distributions (SEDs) of these LBGs indicate that the
ultra-violet (UV) fluxes are reduced due to dust extinc-
tion. Because the cross section of dust varies as a func-
tion of wavelength, the dust extinction modifies the color of
galaxies from the intrinsic one (Calzetti et al. 2000). Recent
⋆ E-mail: yajima@roe.ac.uk (HY)
† Scottish Universities Physics Alliance
LBG surveys presented the color excess of B and V band,
E(B − V ), and showed that some fraction of UV continuum
flux might be absorbed by interstellar dust (e.g., Ouchi et al.
2004; Iwata et al. 2007; Bouwens et al. 2007; Reddy et al.
2008; Reddy & Steidel 2009; Bouwens et al. 2010; Shapley
2011).
At high redshift, Type-II supernovae (SNe) are con-
sidered to be the main contributor of dust production,
because other production mechanisms, such as the stellar
wind from AGB stars and condensation in molecular clouds,
are inefficient (Bianchi & Schneider 2007; Zhukovska et al.
2008). The production rate of dust is thus related to
the formation rate of massive stars, and also indirectly
to the initial mass function (IMF) and star formation
rate (SFR). Dust can also assist star formation through
efficient formation of hydrogen molecules on its sur-
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face (e.g., Omukai et al. 2008; Schneider & Omukai 2010;
Dopcke et al. 2011; Yamasawa et al. 2011). On the other
hand, Type-II SNe can destroy dust by sputtering effect
(Schneider et al. 2004; Nozawa et al. 2006, 2007), where the
high-temperature gas particles collide with dust and strip
off components from dust. In addition, dust-dust collision in
magnetic fields, i.e., the ‘shattering effect’ also destroys dust
(Hirashita 2010; Hirashita & Kobayashi 2013). The destruc-
tion efficiencies by these processes sensitively depend on the
physical conditions in the interstellar medium (ISM), e.g.,
local temperature, density, and magnetic field strength. In-
terstellar dust is a key component in understanding the star
formation history, physical properties of galaxies, and stel-
lar IMF. Nevertheless the dust properties in high-redshift
galaxies are still not well understood.
In the examination of dust effects on star formation and
extinction of stellar radiation, the typical dust size is the key
factor because it determines the total dust surface area. The
dust size distribution will be determined by the combination
of different physical processes such as the formation, sput-
tering & shattering effect, and it is expected to evolve as a
function of time and space.
Inside the shock wave from SNe, only small dust grains
with rd . 0.01 µm (rd is the radius of dust) are captured
by the shock and destroyed due to the sputtering process
(Nozawa et al. 2007). As a result, the initial dust size is
likely to be rd & 0.01 µm, and the typical dust size may be
rd ∼ 0.05 µm (Todini & Ferrara 2001; Dayal et al. 2011).
After the initial production of dust by Type-II SNe, very
small dust (rd < 0.01 µm) can be produced by the shat-
tering effect, and the dust size distribution would shift to a
steeper power-law index of α ∼ −3.5 from the initial slope
of α ∼ −3.0 (Nozawa et al. 2007; Hirashita & Kobayashi
2013), where dnd
drd
∝ rαd , and nd is the number density of
dust. This power-law slope agrees with the observations of
local galaxies.
Unfortunately it is too difficult to follow the dust forma-
tion and destruction processes in galaxies completely even
with today’s state-of-the-art computational facilities and
calculation codes, because it requires the following of mul-
tiple massive star formation, shock propagations of Type-II
SNe, magnetic field and turbulence in ISM over a wide spa-
tial range from sub-pc to kpc. Due to this difficulty, previous
works have mostly adopted simple models of dust assuming
the same properties as the local galaxies or single dust size
to reproduce radiation properties of observed high-redshift
galaxies. For example, Nagamine et al. (2004); Night et al.
(2006); Nagamine et al. (2010b) and Jaacks et al. (2012) re-
produced the rest-frame UV luminosity functions (LFs) of
LBGs at z > 3 by cosmological SPH simulations with a
simple extinction model that assumes the extinction law
of local starburst galaxies (Calzetti et al. 2000) and a con-
stant color excess. Dayal et al. (2009) used a slab dust model
with the graphite dust size of 0.05 µm, and confirmed that
the simulated galaxies at z = 5.7 agreed with the ob-
served E(B − V ). In addition, Dayal et al. (2011) simulated
LFs of Lyman-α emitters (LAEs) at z = 5.7 by combin-
ing cosmological SPH simulations with Monte Carlo radia-
tive transfer (RT), and showed that the dust attenuation
with clumpy distribution was needed to reproduce the ob-
servational properties. Kobayashi et al. (2010) reproduced
the radiation properties of LAEs at z = 3.1 − 5.7 using a
semi-analytical model and a slab dust model with the Milky
Way (MW) dust extinction curve. Gonzalez-Perez et al.
(2013) investigated the dust attenuation of LBGs in a semi-
analytical model using a simple radiative transfer model.
They assumed the bulge and disk follow the MW and the
Small Magellan Could (SMC) dust model, and showed that
brighter LBGs suffered stronger dust attenuation than the
fainter ones. Very recently Kimm & Cen (2013) carried out
Monte Carlo RT calculations for z = 7 simulated galaxies in
cosmological AMR simulation, and reproduced the observed
UV spectral slope β. They concluded that the dust model of
SMC was favored for the high-redshift galaxies rather than
the MW dust model.
In the present work, we attempt to constrain the typ-
ical dust size by comparing the results of RT calculations
with observational data. Depending on the dust properties,
the value of E(B − V ) and galaxy LF will change. The ob-
servations have measured E(B − V ) of LBGs, and showed
that the typical value is E(B − V ) ∼ 0.14 at z ∼ 3 (e.g.,
Shapley et al. 2001; Reddy et al. 2008).
Our paper is organized as follows. We describe our
simulations and our approach for RT calculations in Sec-
tion 2. In Section 3, we present our results, and show sim-
ulated LF with extinction, probability distribution function
of E(B − V ) and the dependence of E(B − V ) on the mass
and UV flux of galaxies. In Section 4, we investigate the
dust-to-metal mass ratio and the dust composition. Finally,
we summarize our main conclusions in Section 5. We focus
on redshift z = 3 in this paper.
2 SIMULATION, DUST MODEL, &
RADIATIVE TRANSFER METHOD
We use a modified version of the smoothed particle hy-
drodynamics (SPH) code GADGET-3 (originally described
in Springel 2005). The details of the simulation were pre-
sented in Thompson et al. (2014). Here, we briefly summa-
rize the simulation setup. Our code includes the heating
by a uniform UV background (Faucher-Gigue`re et al. 2009),
cooling by hydrogen, helium and metals (Choi & Nagamine
2009), the self-shielding effect of the UV background radia-
tion (Nagamine et al. 2010a; Yajima et al. 2012c), and the
”Multicomponent Variable Velocity (MVV)” wind model
(Choi & Nagamine 2011), which is the hybrid of energy-
driven and momentum-driven wind models. In addition, the
star formation (SF) model in our simulations is based on the
H2 mass in each SPH particle, which has many advantages
over the previous SF models (Thompson et al. 2014).
The calculations are done with total 2 × 4003 parti-
cles for both gas and dark matter, with a box size of co-
moving 34h−1Mpc. The particle masses are mDM = 3.6 ×
107 h−1M⊙ and mgas = 7.3 × 10
6 h−1M⊙. The comoving
gravitational softening length is ǫ = 3.4 h−1 kpc. We adopt
the cosmological parameters that are consistent with the
best-fit of WMAP7 data: Ωm = 0.26,ΩΛ = 0.74,Ωb = 0.044,
h = 0.72, σ8 = 0.80, ns = 0.96 (Komatsu et al. 2011).
After the cosmological hydrodynamic simulation is fin-
ished, we carry out the RT calculations as post-processing.
First, we place a uniform grid around each dark matter halo
with a size of the virial radius. The size of each grid cell is
the same as the comoving gravitational softening length ǫ.
c© 2008 RAS, MNRAS 000, 1–13
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The gas and metal density of each cell are estimated from
neighboring SPH particles with the kernel function (i.e. SPH
smoothing). Then we calculate the radiative transfer (ray
tracing) of stellar radiation in the dusty ISM, where the
dust mass is assumed to be proportional to the metal mass.
In this work, we shoot only one ray towards one particular
viewing angle from each star particle in order to save com-
putational time, i.e., not the angular mean flux. A similar
post-processing RT method was also used in Yajima et al.
(2009, 2011, 2012d,c).
From the multi-band observations of local galaxies,
Draine et al. (2007) showed that the dust mass can be es-
timated from gas mass and metallicity with the constant
dust-to-metal mass ratio:
Mdust ∼ κMgas
(
Z
Z⊙
)
, (1)
where κ ≈ 0.01 is the dust-to-gas mass ratio at solar metal-
licity, Z is the metallicity, and Z⊙ is the solar metallicity.
We determine the dust mass in each grid cell using the above
κ and the simulated metal mass in each cell. In our calcula-
tion, the metal-to-gas mass ratio is taken to be 0.02 at solar
metallicity, hence the dust-to-metal mass ratio of our fidu-
cial model is Mdust/Mmetal = 0.5. Different dust-to-metal
mass ratios will be examined in Section 4.
The dust extinction curve also depends on the dust com-
position. It is believed that graphite and silicate are the main
components of dust in galaxies, based on the observations of
9.7 µm absorption feature of silicate and 2175 A˚ of graphite
(Laor & Draine 1993). In this work, we assume that the dust
consists of graphite and silicate with 1 : 1 mass ratio.
We calculate the multi-wavelength radiative transfer
along the ray via
Iν = I
0
νe
−τλ . (2)
The ray is shot from all star particles in the grid to the
grid boundary, corresponding to the size of the virial ra-
dius of each halo. We compute the intrinsic spectral energy
distribution (SED) of each star particle with the Salpeter
(1955) IMF using the population synthesis code PE´GASE
v2.0 (Fioc & Rocca 1997), based on the mass, formation
time and metallicity of each star particle. The Salpeter IMF
was commonly used in the analysis of observed LBGs (e.g.,
Ouchi et al. 2004; Reddy et al. 2008), while some works
and our original hydrodynamics simulations assumed the
Chabrier IMF (Chabrier 2003). However, since we mainly
focus on the color excess, our results are not very sensi-
tive to the IMF. On the other hand, rest frame UV flux
can change between Salpeter and Chabrier IMF by a fac-
tor ∼ 1.58 (Treyer et al. 2007). Hence, our analysis of UV
LF can shift to the brighter side by ∼ 0.5 mag if we switch
to the Chabrier IMF, but it is still in the error bars of the
observations and does not change our main conclusions.
The optical depth is estimated by
dτλ = (Q
s
abs,λπr
2
dn
s
d +Q
g
abs,λπr
2
dn
g
d)ds, (3)
where Qabs,λ is the dust absorption coefficient, rd and nd are
the dust radius and number density, respectively. Here we
assume that the dust particles are spherical, hence the op-
tical depth becomes τν ∝ Qabs,λ/rd. For a given amount of
dust mass, the dust number density increases with decreas-
ing size. We use the Qabs,λ data of astronomical silicate and
Figure 1. Panel (a): Absorption efficiency per unit dust mass
σλ as a function of wavelength. Different colors and line types
represent different radius of dust. The spherical dust is assumed
as described in the text. Panel (b): Color excess E(B − V ) as a
function of optical depth at 1700 A˚ (τ1700).
graphite dust in Draine & Lee (1984) and Laor & Draine
(1993).
We also define the dust absorption efficiency per unit
mass (σλ) via
dτλ = σλmd ds, (4)
where md is the dust mass per unit volume. In the spherical
dust model,
md =
4
3
πr3d ρnd, (5)
where ρ is the mass density in each dust grain. Combining
these relationships, we find that σλ is proportional to Qabs,λ
via
σλ =
3
4
(ρrd)
−1Qabs,λ. (6)
The values of σλ and Qabs,λ depend on the wavelength
c© 2008 RAS, MNRAS 000, 1–13
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Figure 2. Projected density maps of gas (left), dust (middle) and stars (right) for the two representative, massive halos in our
cosmological SPH simulation at z = 3. The color gradient shows the projected density in log scale in units of [g cm−2]. The total masses
of halos A and B are Mtot = 2.2 × 1012 and 5.1× 1011 M⊙, respectively, which are appropriate for typical Lyman-break galaxies. The
virial radii are 100.8 kpc (halo A) and 61.9 kpc (halo B) respectively. The scale of physical 100 kpc is shown by the black bar.
sensitively, and the wavelength dependency of σλ is shown
in Figure 1(a). For λ . 2πrd, the values of Qabs,λ is nearly
constant and unity, while it decreases with increasing wave-
length by λ−1 at λ > 2πrd (likewise for σλ). From Equa-
tion (6), one can see that σλ of smaller dust is higher than
that of the larger dust at shorter wavelengths. Figure 1(a)
also shows that σλ becomes degenerate at longer wavelength
for all dust sizes, except for the very large dust size of
rd = 0.5µm.
Due to the difference in σλ at different wavelengths,
the color excess between B and V -band, E(B − V ), arises.
Figure 1(b) shows E(B − V ) as a function of optical depth
at 1700 A˚ (τ1700). We use 4400 A˚ and 5500 A˚ as the repre-
sentative of B and V -band, and the value of E(B − V ) is
estimated by
E(B − V ) = −2.5
[
log
(
FRT4400
F Int4400
)
− log
(
FRT5500
F Int5500
)]
, (7)
where F Int4400 and F
Int
5500 are flux densities (erg s
−1 cm−2 Hz−1)
at 4400 and 5500 A˚ without dust extinction respectively,
and FRT4400 and F
RT
5500 are the ones with dust extinction. It is
difficult to achieve high E(B − V ) with large dust sizes of
& 0.1 µm. Since 4400 A˚ and 5500 A˚ are both shorter than
2πrd, the values of σλ are very close to each other at these
two wavelengths for dust size of & 0.1µm. From Figure 1(b),
we see that we need τ1700 ∼ 10 to achieve E(B − V ) ∼ 0.14
with 0.1µm dust. In the case of 0.5 µm dust, the value of
σλ and Qabs,λ are almost constant up to ∼ 3µm, therefore
it results in negligible E(B − V ) even at quite high dust
column density. For 0.05 µm dust, the absorption efficiency
is somewhat higher than that of smaller dust at ∼ 3000 A˚,
and then it starts to decrease with increasing wavelength.
This causes somewhat higher E(B − V ) for 0.05 µm dust,
even though the slope of absorption efficiency at λ > 2πrd
does not depend on the size with σ ∝ λ−1.
3 RESULTS
3.1 Distribution of Dust and Stars
The projected distribution of dust and stars are shown in
Figure 2 for the two representative massive halos at z = 3
in our cosmological SPH simulation. The total masses of
Halos A and B are Mtot = 2.2 × 10
12 and 5.1 × 1011 M⊙,
respectively, which are appropriate for typical Lyman-break
galaxies (LBGs). Each of these two halos contain a few LBGs
as shown by the stellar concentrations in the right panels.
The gas distribution around stars is extended, and Halo A
shows a filamentary-like gas structure, which resembles the
so-called cold flow. On the other hand, the dust distribu-
tion is strongly concentrated near the stellar component as
shown by the red clumps in the middle panels. However, at
the same time, the diffuse dust is also distributed widely
c© 2008 RAS, MNRAS 000, 1–13
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Figure 3. The SEDs of four simulated galaxies, processed with different dust size models. The SEDs shown in panels (a) & (b) correspond
to the same halos as Halo A & B shown in Figure 2. The dotted lines are the SEDs without dust extinction. The colored lines indicate
different dust size models. The values of M1700 and E(B − V ) are estimated for the dust model of rd = 0.05 µm.
in the halo as shown by the blue clouds. These dust and
metals are ejected from the galaxies by galactic wind feed-
back up to ∼ 100 kpc, and the validity of our hybrid MVV
wind model was examined by Choi & Nagamine (2011) via
galactic wind speeds and Civ statistics in the intergalactic
medium. These LBGs in the same halo are in the process
of merging, with relatively high total star formation rates
of 151 M⊙yr
−1 (Halo A) and 22 M⊙yr
−1 (Halo B). The to-
tal stellar masses in each halo is 1.4 × 1011 M⊙ (Halo A)
and 1.7 × 1010 M⊙ (Halo B), and the average metallicity
of all star particles in each halo is about 0.11 Z/Z⊙. From
these values, we confirm that our galaxy sample satisfies
the physical properties of observed LBGs, e.g., star forma-
tion rate, metallicity, and halo mass (e.g., Pettini et al. 2001;
Shapley et al. 2001; Adelberger et al. 2005; Mannucci et al.
2009).
3.2 SEDs of four example halos & optical depth
distribution
We examine the spectral energy distribution (SED) of four
examples including the halos in Figure 2 with dust extinc-
tion. The SED of a galaxy shows how much energy is coming
out at each wavelength, and comparing its shape before and
after the dust extinction highlights the absorption of UV
photons by dust.
Figure 3 compares the SEDs of four simulated galaxies
before and after the dust extinction effect for different dust
sizes. Some flux at UV to optical wavelengths are absorbed
by dust. Of course, the dust extinction becomes smaller at
longer wavelength due to smaller cross section, and the dust
extinction becomes negligible at λ & 1 µm. The emergent
SEDs change with dust size. In particular, for 0.01µm dust,
there are dips in the UV range due to the bump in σλ shown
in Figure 1.
The dust extinction is significantly different between the
galaxies, because of the complicated distribution of dust and
c© 2008 RAS, MNRAS 000, 1–13
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stars as shown in Figure 2. The high column density gas ab-
sorbs stellar radiation over a wide range of wavelength, while
the lower column density gas allow most of radiation to es-
cape from the galaxies. For example, the SED of halo (b) in
Figure 3 becomes much redder due to the strong dust ex-
tinction, resulting in the large color excess E(B − V ) = 0.37
for the dust size of 0.05 µm. This halo however does not sat-
isfy our M1700 selection criteria due to the strong dust ex-
tinction, although the intrinsic M1700 is bright with −21.5.
On the other hand, halo (d) shows weaker dust extinction
than halo (b) despite a very similar halo mass. The value of
E(B − V ) for 0.05 µm dust is similar to the observation. In
addition, despite a similar dust extinction at 1700 A˚, halo (c)
shows a much smaller E(B − V ) than halo (d), because the
SED simply decreases while keeping its shape. The SEDs can
vary due to different viewing angles and inhomogeneous dis-
tributions of dust and stars. However, the qualitative trends
of dust extinction discussed above do not change.
To investigate the source of variation in E(B − V ) fur-
ther, we present the PDF of optical depth at 1700 A˚ from
each star particle to the grid boundary for the same halos in
Figure 4. The large dispersion in optical depth for different
stellar positions and viewing angles is caused by the inhomo-
geneous distribution of stars and dust as shown in Figure 2.
The PDFs of halos (a) and (b) show that a large fraction of
line-of-sight have τ1700 > 1. Halo (c) shows a roughly flat
distribution, with some at smaller optical depth τ1700 . 1,
and some with τ1700 ∼ 100.
The higher column densities (τ1700 ∼ 100) in halos (b)
and (c) can cause the dust extinction at λ & 104 A˚ as well,
because the optical depth at λ & 104 A˚ is smaller than τ1700
by two orders of magnitude (Figure 1). Moreover, the high
column densities absorb most of the flux at UV-to-optical
bands, whereas the low column densities let the radiation
escape without much dust extinction. This leads to a de-
crease in the SED without changing its shape very much
and with a smaller E(B − V ) similar to halo (c). We note
that previous semi-analytical or simple models in simula-
tions used a constant optical depth for all star particles in
a galaxy (Dayal et al. 2009; Kobayashi et al. 2010). Our ra-
diative transfer calculation shows that each galaxy has a
large dispersion in the optical depth for individual stellar
particles.
3.3 Rest-frame UV Luminosity Function
Having seen some example SEDs and PDFs of τ1700, we then
would like to understand the effect of dust extinction on the
statistical nature of galaxies.
Figure 5 shows the rest-frame UV LF with and without
dust extinction, as a function of rest-frame AB magnitude
at 1700 A˚ (M1700). The LF without dust extinction is obvi-
ously much brighter than the observational data, as the ob-
servations have measured E(B − V ) ∼ 0.14 (Shapley et al.
2001; Reddy et al. 2008). The LFs with dust extinction ef-
fect agree with the observational data very well, hence our
simulations can reproduce the observed LF naturally by
combining cosmological simulation with a dust model and
the radiative transfer calculation. With increasing dust size,
the dust extinction decreases somewhat, however the varia-
tion in LF is almost within the error bars of observational
Figure 4. Probability distribution function (PDF) of optical
depth at 1700 A˚ for random rays shot from all individual star
particles in each halo to the grid boundary of halo. Panels (a) -
(d) correspond to the same halos in Figure 3. The optical depth
is estimated for the dust of rd = 0.05 µm.
Figure 5. Rest-frame UV luminosity functions of simulated
galaxies at 1700 A˚. The black dotted line shows the LFs with-
out dust extinction. The colored lines represent the LFs with
dust extinction, and the different colors mean different dust sizes.
Open squares indicate the observational data of Reddy & Steidel
(2009) at z ∼ 3.
c© 2008 RAS, MNRAS 000, 1–13
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Figure 6. Average 〈E(B − V )〉 of simulated galaxies as a func-
tion of dust radius. The filled and open circles are the 〈E(B − V )〉
of galaxies with M1700 6 −20 and 6 −19, respectively. The hor-
izontal dotted line indicates the observed value of E(B − V ) ∼
0.14 for LBGs (Shapley et al. 2001; Reddy et al. 2008).
data points. Therefore the rest-frame UV LF is not so sen-
sitive to the dust size.
We also see in Figure 5 that the UV LF converges at the
fainter end due to the decreasing dust extinction for fainter
galaxies. This was not the case for the constant extinction
model. We also point out that the dust content increases
with galaxy mass, hence the stellar radiation is efficiently
absorbed in higher mass galaxies. As a result, the dotted
line is shifted to the brighter side by a greater amount at
the bright-end of the LF from the observed data points. Note
that the LFs are estimated from a specific viewing angle as
the actual observations, and the error caused by different
viewing angles is negligible for our results.
3.4 Dust Extinction
Figure 6 shows the average 〈E(B − V )〉 for galaxies with
M1700 < −20 and M1700 < −19 as a function of dust ra-
dius. The first selection criteria of M1700 < −20 is almost
the same as the detection limits of some LBG surveys (e.g.,
Ouchi et al. 2004). In our simulation it roughly corresponds
to the halos with Mtot & 5× 10
10 M⊙, which is lower than
the typical LBG halo mass of Mtot ∼ 10
12 M⊙ (Ouchi et al.
2004; Adelberger et al. 2005). Below this limit, the simu-
lated galaxies would have less than ∼ 1000 SPH particles,
and the resolution becomes too poor to resolve the halo in-
ternal structure of gas and dust distribution.
Figure 6 shows that 〈E(B − V )〉 has a peak at rd =
0.05 µm due to the higher ratio of the optical depth between
B and V -band (Figure 1). The peak value of 〈E(B − V )〉
is close to the observed one (∼ 0.14), and 〈E(B − V )〉 de-
creases rapidly at smaller or lager dust size. Therefore, we
suggest that the typical dust size in LBGs at z ∼ 3 would
Figure 7. PDF of halos as a function of E(B − V ) for different
dust sizes. The bin size is 0.025 dex.
be rd ∼ 0.05 µm, which is similar to that of Type-II su-
pernova dust models (Todini & Ferrara 2001; Nozawa et al.
2007). Recent simulations showed the radiation properties of
LAEs at z = 5.7 could be reproduced by the 0.05 µm dust
(Dayal et al. 2009, 2011), implying that the dust in z = 5.7
galaxies could be explained by the Type-II supernova dust
model. In this work, we focus on the LBGs at z=3, which
would be more massive and evolved than LAEs at z ∼ 6 typ-
ically (e.g., Gawiser et al. 2007). We will expand our galaxy
sample over a wider range of redshift and mass, and investi-
gate the possible redshift evolution of dust properties in our
future work.
The detection limits of recent LBG surveys are becom-
ing somewhat deeper than our fiducial selection criteria with
M1700 = −19 ∼ −18 (Reddy & Steidel 2009). Open cir-
cles in Figure 6 are the results with M1700 < −19 limit.
Since dust extinction of low-mass, faint galaxies is lower
due to lower metallicity, 〈E(B − V )〉 with M1700 < −19
is somewhat lower than that with M1700 < −20. Even for
rd = 0.05 µm, it is smaller than the observed value. How-
ever, other factors could change the values, as we will discuss
in Section 4.
Figure 7 shows the probability distribution function
(PDF) of halos as a function of E(B − V ) for different dust
sizes. In the cases of rd = 0.01 and 0.03µm, the PDFs have
peaks at E(B − V ) ∼ 0.05, and decrease with increasing
E(B − V ). On the other hand, the case of rd = 0.05 µm is
less skewed, and distribute over E(B − V ) ∼ 0 − 0.3. The
broader, more symmetric shape is similar to the observation
(Reddy et al. 2008), however, our result is somewhat flat-
ter than the observation. In the case of 0.1 µm dust, most
of galaxies distribute at E(B − V ) . 0.05 due to the small
difference of absorption efficiency between B and V -band.
c© 2008 RAS, MNRAS 000, 1–13
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3.5 UV dust extinction vs. Halo Mass
As shown in the UV LFs, UV dust extinction is likely to
be stronger for massive halos or brighter ones. We quanti-
tatively study the relation between UV dust extinction and
halo mass.
Figure 8 shows the PDF of optical depth at 1700 A˚ for
random rays shot from all individual star particles to the
grid boundary of a halo. We divide our sample into four
halo mass bins. First, we see the PDF ranges over a wide
range of optical depth. Even for lower mass galaxies, due
to complicated distribution between stars and dusty clouds,
some fraction of star particles have high optical depths of
τ1700 > 10, while a large fraction of them have lower val-
ues of τ1700 . 1. The PDF clearly shifts to higher op-
tical depth as the halo mass increases. For massive halos
with log Mtot/M⊙ > 11.5, the PDF is distributed even at
τ1700 > 100, while it decreases at τ1700 < 0.1. This result
suggests that a larger fraction of stars are surrounded by
more dust and affected by stronger dust extinction as halo
mass increases.
In addition, UV fluxes before (blue open circles) and
after RT (red filled circles) are shown as a function of halo
mass in Figure 9, for the dust of rd = 0.05 µm. Natu-
rally, M1700 increases with halo mass because massive ha-
los have higher SFR at high redshift. As we stated above,
the dust extinction increases with halo mass due to higher
metal content. The massive halos with Mtot > 10
12 M⊙ suf-
fer from extinction by ∼ 2 mag, while low-mass halos with
Mtot 6 10
11 M⊙ become fainter by only ∼ 0.7 mag. More-
over, due to the large dispersion of optical depth shown in
Figure 8, the UV fluxes have greater dispersion after the RT
calculations.
3.6 E(B − V ) vs. Halo Mass, M1700
Then, we study the dependence of 〈E(B − V )〉 on the halo
mass and galaxy luminosity.
In Figure 10(a), we plot E(B − V ) vs. total halo mass
for those with M1700 < −20 after the RT calculation, and
compute the average 〈E(B − V )〉 in each bin. The result
shows that 〈E(B − V )〉 increases with the halo mass due to
higher dust mass in more massive halos. In each bin of halo
mass, there is significant dispersion in 〈E(B − V )〉 due to
different distribution of metals and dust among halos. As
expected from the results of Fig. 1, the case of 0.05 µm dust
have the highest 〈E(B − V )〉, reaching ∼ 0.25 at Mtot >
1012 M⊙. As seen in Equation 7, the E(B − V ) becomes
zero if there is no dust extinction or the dust extinction
curve is flat at around 4400 A˚ . λ . 5500 A˚. In the case of
0.1µm dust, the value of 〈E(B − V )〉 is very small due to
the almost flat extinction curve, and does not exceed ∼ 0.02.
Figure 10(b) shows the 〈E(B − V )〉 as a function of
M1700: the open triangles are plotted with the intrin-
sic M1700 values without dust extinction effect (hereafter
M1700,int), and the filled circles are plotted with M1700 after
considering the dust extinction effect (hereafter M1700,after).
In our simulations, the intrinsic luminosity and SFR is
roughly proportional to the total halo mass and galaxy mass,
therefore the values of 〈E(B − V )〉 are higher for more mas-
sive, brighter halos as shown in Figure 10(b) (open trian-
gles). However, after the dust extinction effect is consid-
Figure 8. PDF of optical depth at 1700 A˚ for rays shot from
all individual star particles to the grid boundary of halo. The
sample is divided into four halo mass bins, and the optical depths
of all star particles in the halos are stacked. The optical depth is
estimated for the dust of rd = 0.05 µm.
Figure 9. Rest-frame UV magnitude at 1700 A˚ as a function of
total halo mass. Blue open and red filled circles represent intrinsic
fluxes and those after the RT calculation for the dust of rd =
0.05 µm, respectively. Open and filled black circles are the median
values of each distribution in each halo mass bin with a bin size
of ∆ logM = 0.5.
c© 2008 RAS, MNRAS 000, 1–13
Dust properties of Lyman break galaxies in cosmological simulations 9
Figure 10. The average 〈E(B − V )〉 of simulated galaxies as a function of halo mass (panel a) and M1700 (panel b). The filed symbols
are the mean values of each x-axis bin with the bin size of 0.5 dex and 1σ error. The open symbols are the mean ones to intrinsic M1700
(or without dust extinction), on the other hand, the filled symbols are of emergent M1700 (with dust extinction).
ered, the massive bright galaxies move to the fainter bins,
therefore the fainter M1700 bins contain both faint low-mass
galaxies with little dust, as well as the massive bright galax-
ies with significant dust. This effect leads to almost con-
stant 〈E(B − V )〉 when plotted as a function of M1700,after .
Therefore, 〈E(B − V )〉 at fainterM1700,after can be high and
have large dispersion in Figure 10(b) (filled circles). The
weak dependence of E(B − V ) to M1700,after is similar to
the observed data (Reddy et al. 2008). This trend was also
reported by the previous theoretical work with the semi-
analytical model of galaxy formation and the simple RT
model (Gonzalez-Perez et al. 2013).
4 DISCUSSION
4.1 Dust-to-metal mass ratio
As we discussed in Equation (1), we have taken the dust-
to-gas ratio of κ = 0.01 at solar abundance so far, which is
similar to the value for Milky Way and other local galax-
ies (Draine et al. 2007). However, at higher redshift, a large
fraction of dust can be destroyed due to the sputtering pro-
cess in supernova shock waves (Nozawa et al. 2007). In ad-
dition, the contribution from AGB stars is little at high red-
shift. Therefore, the value of κ could be lower at higher
redshifts than the local value.
Here we examine the effect of varying κ with a modu-
lation factor fd defined by
Mdust = fd × 0.01Mgas
(
Z
Z⊙
)
. (8)
As shown in Equation (1), our fiducial model assumes that
the dust-to-gas mass ratio increases with metallicity based
on the constant dust-to-metal mass ratio, Mdust/Mmetal =
0.5. The above fd controls the dust-to-metal mass ratio, for
example, fd = 0.5 means the dust-to-metal ratio is reduced
to 0.25.
Figure 11(a) shows the UV LFs computed with different
fd. The LF shifts to the brighter side slightly with decreas-
ing fd due to the lower amount of dust. However, the LFs
with fd = 0.3 − 1.0 are mostly within the error bars of the
observed data, and the comparison of LFs cannot constrain
the values of fd. Our comparison only suggests fd > 0.1.
On the other hand, 〈E(B − V )〉 depends on fd sen-
sitively, and linearly increases with it as shown in Fig-
ure 11(b). Our result suggests that fd & 0.8 is required, in
order to reproduce the observed value of E(B − V ) ∼ 0.14.
Therefore, even at z ∼ 3, we suggest that the relation of
dust-to-metal mass ratio as a function of metallicity is close
to the local relation. Recent observation using GRB after-
grows also suggested higher dust-to-metal mass ratios in
high-redshift galaxies (Zafar & Watson 2013), which is con-
sistent with our simulation results.
4.2 Effect of Dust Composition
So far we have assumed the dust composition of graphite
and silicate with a 1:1 mass ratio (fiducial model). In this
section, we discuss the impact of different mass ratios. As a
test, we use simple models that all dust are either graphite
or silicate. Figure 12(a) shows that the rest-frame UV LFs
with only silicate or graphite dust do not differ so much from
the 1:1 mix fiducial model, and they all agree relatively well
with the observed data.
On the other hand, 〈E(B − V )〉 is affected by the dust
component significantly, as shown in Figure 12(b). The
〈E(B − V )〉 with graphite dust (green line) is higher than
the fiducial model, while with silicate dust it is very small
and almost constant. One might wonder why the silicate-
only model can reproduce the UV LF so well with such little
c© 2008 RAS, MNRAS 000, 1–13
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Figure 11. Panel (a): Rest-frame UV LFs of simulated galaxies with different normalization parameter fd for dust-to-metal mass ratio
(see Eq. 8). Panel (b): The mean E(B − V ) of simulated galaxies with M1700 < −20 as a function of fd. The dust size of rd = 0.05µm
is assumed here.
Figure 12. Panel (a): Rest-frame UV LFs of simulated galaxies with different dust compositions. The blue line also shows the LF
with maximum scattering effect. Here the 0.05µm dust is used. Panel (b): Mean E(B − V ) as a function of dust size with different
compositions. The blue line shows the maximum scattering case.
〈E(B − V )〉. Silicate dust has small Qabs,λ at optical wave-
lengths (Draine & Lee 1984; Laor & Draine 1993). Figure 13
shows the absorption efficiency of dust which consists of ei-
ther graphite or silicate alone. For example, 0.05 µm silicate
dust has Qabs,λ ∼ 0.04 at 5000 A˚, while it is ∼ 1.2 at 1700 A˚.
Since E(B − V ) is proportional to log[exp(−τV)/ exp(−τB)],
where τB and τV are the optical depth at B- and V -band,
the E(B − V ) becomes very small when τV, τB ≪ 1. On
the other hand, the Qabs,λ of silicate at 1700 A˚ is similar to
that of graphite, hence it shows similar UV LFs. As a result,
while silicate dust can reproduce the observed UV LF with
a moderate dust extinction at 1700 A˚, it fails to reproduce
the observed E(B − V ). Therefore, we conclude that the
graphite dust is mainly responsible for causing extinction,
and it can increase the extinction up to 〈E(B − V )〉 ∼ 0.19
with rd = 0.05µm by itself. Our result suggests that, in or-
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Figure 13. Absorption efficiency per unit dust mass σλ as a
function of wavelength. Different colors represent different dust
sizes: 0.01 µm (green), 0.05 µm (red), and 0.1 µm (orange), re-
spectively. Solid and dash lines show dust models which consists
of either graphite or silicate alone, respectively.
der to reproduce the observed level of E(B − V ), at least
more than half of dust should be composed of graphite.
4.3 Effect of Scattering
Finally we discuss the impact of scattering. So far we have
considered only the dust absorption, however in reality, some
fraction of UV continuum photons can be scattered by dust,
and then absorbed. In this section, we study the maximum
effect of scattering by assuming that all scattered photons
are absorbed, or equivalently that they are scattered out of
our line-of-sight and no additional scattered photons enter
our viewing angle. The fiducial mixed dust model with sili-
cate and graphite is used for the study of scattering in this
section.
The blue line in Figure 12(a) shows the rest-frame UV
LF with the maximum scattering effect for 0.05µm dust.
The LF with maximum scattering is much fainter than the
observed data due to the strong extinction, and it is clearly
inconsistent with Reddy’s data.
The blue line in Figure 12(b) shows the 〈E(B − V )〉
as a function of dust size with the maximum scattering ef-
fect. It peaks at rd = 0.05µm similarly to the one with-
out scattering (Fig. 6), but the peak value is higher with
〈E(B − V )〉 ∼ 0.19. This suggests that it is difficult to re-
produce the observed UV LF and E(B − V ) simultaneously
with the maximum scattering effect. One possible way to fit
the observations even with the maximum scattering effect
would be reducing κ, as it would decrease the dust extinc-
tion at 1700 A˚ and E(B − V ) as we saw in Fig. 11(b).
5 SUMMARY
In this paper, we investigate the dust properties in the LBGs
at z = 3 by combining cosmological simulations with multi-
wavelength RT calculations. We compute the RT from all
star particles in 2800 massive halos at z = 3 that contain
LBGs, and compared the rest-frame UV LF and E(B − V )
with observations. We only examine galaxies brighter than
M1700 = −20 or −19, corresponding to the detection limits
of recent LBGs surveys.
The most significant result is that our simulation can
naturally reproduce the observed rest-frame UV LF with
a dust model that work on an individual particle level.
Earlier works using cosmological simulations have either
adopted a constant extinction value (e.g., Nagamine et al.
2004; Night et al. 2006) or an ad hoc power-law relation
between galaxy metallicity and the extinction with some
scatter (e.g., Finlator et al. 2006). Our present work is an
important step forward from those previous treatments, in
the sense that we now compute the extinction of each galaxy
based on the dust properties of each gas particle, utilizing
the RT technique. A similar approach using RT was taken
by the SUNRISE code (Jonsson 2006) and the ART2 code
(Li et al. 2008; Yajima et al. 2012a,b). They computed the
SEDs and surface brightness of galaxies with a specific dust
model, e.g., the Milky Way (Weingartner & Draine 2001)
or supernova (Todini & Ferrara 2001). In the present work,
considering the large uncertainties of dust properties in high-
redshift galaxies, we tested many dust models with varying
parameters using simple ray-tracing method, and calculated
the SEDs of numerous galaxies.
Another point is that the SUNRISE and ART2 take the
scattering process into account based on the albedo of dust
using random numbers. On the other hand, we considered
only an upper limit case where all scattered photons are
absorbed by dust and disappears from the viewing angle
(§ 4.3). Overall, our calculation method is simpler than the
SUNRISE or ART2 methods which allows us to probe a
wider range of dust parameters.
We also examined the sensitivity of E(B − V ) to the
dust properties, namely their composition and grain size.
Based on the comparison between our simulations and ob-
servations, we suggest that the dust in LBGs at z = 3 likely
have the following properties:
• Typical dust size is rd ∼ 0.05µm, which is similar to
that originated from Type-II supernova.
• Dust-to-metal mass ratio is close to that of local galax-
ies.
• More than half of dust consists of graphite, rather than
silicates.
In the present work, our fiducial dust model adopts the
following assumptions: a spherical shape, the relationship of
Mdust = 0.01Mgas(Z/Z⊙), and the composition of graphite
and silicate with a 1:1 mass-ratio. Our best-fit model is
rd ∼ 0.05µm and κ = 0.01, which is close to the local value.
However, a different mass ratio of composition and scatter-
ing may change the best-fit model to somewhat lower dust-
to-metal mass ratios and different dust sizes (other than
rd = 0.05µm). Future multi-wavelength observations and
theoretical simulations will be able to give us more informa-
tion to constrain these details further. In the future, we will
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extend our work to a wider redshift range, and investigate
the redshift evolution of dust properties.
The mixing and distribution of dust in galaxies is still
a difficult and unresolved issue in current theoretical mod-
els of galaxy formation. In particular, the lack of mixing
in SPH codes relative to mesh codes has been noted be-
fore by several authors (e.g., Agertz et al. 2007), and new
SPH formulations to remedy this problem have been devel-
oped recently (e.g., Saitoh & Makino 2013; Hopkins 2013).
Furthermore, Vogelsberger et al. (2012) compared the gas
distribution in galaxies between SPH and the moving mesh
code, arepo, and showed that the gas distribution in the
SPH run was more clumpy than in arepo. Such clumpy gas
structure may make the dispersion of E(B − V ) greater, be-
cause some fraction of viewing angles can interact with high-
density gas clumps, resulting in strong dust attenuation.
Hopkins (2013) also showed that, with the newer formulation
of SPH, the clumpy structure of previous SPH simulations
disappears due to more efficient mixing of gas. On the other
hand, there are many simulation results from AMR codes
that show clumpy gas distributions in high-redshift galaxies
(e.g., Ceverino et al. 2013). We plan to repeat our calcula-
tions with the new version of SPH in the near future, and
examine how the clumpy gas distribution may have affected
our results on the E(B − V ) distribution. Future observa-
tions will also resolve the gas structure in higher redshift
galaxies better, and we will be able to make more robust
comparisons and develop a better model of galaxy forma-
tion. We note in passing however, that we are currently lim-
ited more by the speed of the RT code, which prohibits us
to use large grid sizes for massive halos, even when we have
higher hydrodynamic resolution in SPH simulations.
Any results on dust attenuation would be sensitive to
dust distribution, and the details of the feedback prescrip-
tion will also be important for dust distribution. Our cur-
rent work assumed that dust distribution coupled metal,
and our simulation used the hybrid Multi-component Vari-
able Velocity (MVV) wind model (Choi & Nagamine 2011,
see Section 2) to transport metals from Type-II supernovae
into intergalactic medium via galactic outflows. The MVV
wind model was more successful in reproducing the observed
IGMmetallicity compared to the earlier constant speed wind
model, but there is still room for further improvement in our
feedback model, such as the inclusion of early stellar feed-
back by stellar winds and radiation pressure, which we plan
to investigate in the future.
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